Recently we described a novel pyranopyridine inhibitor (MBX2319) of RND-type efflux pumps of the Enterobacteriaceae. MBX2319 (3,3-dimethyl-5-cyano-8-morpholino-6-(phenethylthio)-3,4-dihydro-1H-pyrano[3,4-c]pyridine) is structurally distinct from other known Gram-negative efflux pump inhibitors (EPIs), such as 1-(1-naphthylmethyl)-piperazine (NMP), phenylalanylarginine-b-naphthylamide (PAbN), D13-9001, and the pyridopyrimidine derivatives. Here, we report the synthesis and biological evaluation of 60 new analogs of MBX2319 that were designed to probe the structure activity relationships (SARs) of the pyranopyridine scaffold. The results of these studies produced a molecular activity map of the scaffold, which identifies regions that are critical to efflux inhibitory activities and those that can be modified to improve potency, metabolic stability and solubility. Several compounds, such as 22d-f, 22i and 22k, are significantly more effective than MBX2319 at potentiating the antibacterial activity of levofloxacin and piperacillin against Escherichia coli.
Structure-activity relationships of a novel pyranopyridine series of Gram-negative bacterial efflux pump inhibitors 
Introduction
Infections caused by Gram-negative bacteria are a growing concern. These bacteria are now responsible for about 30% of hospital-acquired infections and are the major cause of ventilatorassociated pneumonia (VAP) and urinary tract infections. 1 Among these pathogens, the Enterobacteriaceae have been identified as the most prevalent, followed by the nonfermenting pathogens, for example, Pseudomonas aeruginosa and Acinetobacter spp. 1, 2 Infections caused by these pathogens are difficult to treat because they have acquired resistance to multiple antibiotics. Some strains of the Enterobacteriaceae have developed resistance to nearly all antibiotics, including carbapenems, which are often considered the antibiotics of last resort. 2 In addition, the challenge of developing new antibiotics against Gram-negative bacteria is made significantly more difficult by the high levels of intrinsic resistance that are caused by a highly protective outer membrane (OM) and efflux pumps. 3 The OM acts as a barrier to the diffusion of large lipophilic antibiotics into the cell, and highly efficient efflux pumps recognize a broad range of exogenous molecules (including antibiotics and biocides) and extrude them from the cell. 4, 5 Overexpression of efflux pumps, especially those of the resistant-nodulation-division (RND) family, is considered one of the key contributors to the bacterial multidrug resistant (MDR) phenotype. 6 Because efflux pumps are responsible for much of the intrinsic antibiotic resistance in Gram-negative bacteria, 7, 8 they are important targets for antimicrobial drug discovery. Inhibition of efflux pumps by genetic mutations or efflux pump inhibitors (EPIs) results in increased antibiotic sensitivity. 9 In addition, inhibition of RND pumps in P. aeruginosa by genetic deletion 10 or with a potent EPI 11 decreases the frequency of resistance to levofloxacin (LVX). RND pumps have been shown to play a role in the virulence of the enteric pathogen Salmonella enterica serovar Typhimuirum, 12 and EPIs that target RND pumps have been shown to inhibit biofilm formation in Escherichia coli and Klebsiella pneumoniae. 13 In principle, by sensitizing bacteria to antibiotics, EPIs would increase the potency or potentially broaden the spectrum of existing classes of antibiotics. EPIs could also prevent the emergence of resistance, inhibit biofilm formation, and decrease the virulence of enteric pathogens. Therefore, the development of potent EPIs could have broad impacts on efforts to control against Gram-negative bacterial infections.
We recently discovered a novel EPI, compound MBX2319 ( Fig. 1) , through a cell-based high-throughput screening campaign designed to identify small molecules that act synergistically with ciprofloxacin (CIP) against Escherichia coli.
14 MBX2319 emerged as the most promising hit compound due to its high antibiotic potentiation, drug-like scaffold, and low cytotoxicity. Subsequent characterization of the mechanism of action of MBX 2319 showed that it selectively inhibits AcrB, the major efflux pump of the Enterobacteriaceae. While MBX2319 itself had no antibacterial activity (MIC P 100 lM), it significantly increased the antibacterial activity of fluoroquinolone and b-lactam antibiotics at a concentration of 3.1 lM.
14 Structurally, MBX2319 is distinctive from other known Gram-negative EPIs, such as 1-(1-naphthylmethyl)piperazine (NMP), 15, 16 phenylalanylarginine-b-naphthylamide (PAbN), 11 D13-9001 17 and the related pyridopyrimidine compounds 18 (Fig. 1 ). The scaffold of MBX2319 is comprised of a pyranopyridine core with five substituents around the ring. To gain information about the structure-activity relationships (SARs), we initiated a medicinal chemistry exploration in which the substituents were systematically modified. Our goal was to locate sites that could be varied to improve potency, metabolic stability, and solubility. Based on these findings, we have constructed a detailed molecular activity map of the MBX2319 scaffold and identified new compounds with improvements in all three properties.
Chemistry
The general strategy for preparing new analogs of MBX2319 is shown in Scheme 1. This method allowed for independent variation of Z and the R 1 -R 4 groups in structures 4 and 5. 4. In some cases, further derivatization of the nitrile or the thioether moieties provided target compounds 5.
Modification of the nitrile group and the sulfide
To initiate the project, we treated MBX2319 with acid, base, and oxidizing reagents to prepare new derivatives, as shown in Scheme 2. Hydrolysis of the nitrile group was difficult; either treatment with concentrated mineral acid or alkali hydroxide failed to provide the carboxamide. Specifically, treatment of MBX2319 with concentrated HBr did not provide any hydrolyzed product, while similar treatment with sulfuric acid only provided the sulfonic acid 6, leaving the nitrile group intact. Treatment of MBX2319 with KOH led to removal of the phenethyl group, presumably due to elimination of styrene. We eventually succeeded in preparing the carboxamide 9 and N-hydroxyamidine 8 by treatment of MBX2319 with hydroxylamine hydrochloride and t-BuOK. The difficulty encountered in functionalization of the nitrile is most likely due to the steric hindrance exerted by the sulfide and the isobutyl moieties on both sides. We observed that functionalization of other (unhindered) nitrile groups in the molecule occurred easily and selectively (Scheme 6, conversion c). Lastly, oxidation of the sulfide with m-CPBA provided the sulfoxide 10 and sulfone 11 derivatives.
Modification of the alkyl linker
To explore the structural requirements of the alkyl chain (L), thiol 7
14 was treated with benzyl bromide, 3-phenylpropyl bromide, 2-bromoacetophenone, and styrene oxide to provide analogs 12a-d, respectively, as shown in Scheme 3.
Modification of the gem-dimethyl functionality
Two analogs with the gem-dimethyl groups replaced by hydrogens were also prepared (Scheme 4). From tetrahydropyran-4-one, following similar procedures described for the synthesis of MBX2319, 14 compounds 16a and 16b were obtained in 3 steps.
Modification of the morpholinyl group
Next, we prepared analogs with different amine groups in place of the morpholine (Scheme 5). Thus, the thione 17 14 was treated with dimethylamine, diethylamine, pyrrolidine, N-methylpiperazine, N-(2-methoxyethyl)piperazine, thiomorpholine, 2,6-dimethylmorpholine, homopiperazine, N-methylhomopiperazine, and homomorpholine to provide the corresponding thiols 18a-18j. These thiols were difficult to purify and isolate because of their air sensitivity. For example, an attempt to purify and isolate compound 18i by preparative HPLC failed because the thiol product completely dimerized into a disulfide after the elution. To minimize the undesired dimerization process, when the conversion of 17 to 18a-j was completed, as judged by LCMS, the reaction mixtures were treated directly with phenethyl bromide in one pot to provide the thioether products 19a-j.
Modification/replacement of the phenyl group
To explore the effects of changes to the phenyl group, thiols 7, 18e and 18g were treated with various alkyl bromides to provide three product series 20a-r, 21a-k and 22a-22k (Scheme 6). The tetrazoles 20b and 20p were prepared from the corresponding nitriles 20a and 20o via treatment with azido(trimethyl)silane and dibutyltin oxide. The cyano group on the pyridine ring did not participate in this reaction. Further modifications of 22d included removal of the Boc group by treatment with trifluoroacetic acid to provide the aniline 22e. Subsequent acylation and sulfonylation of 22e provided the amides 22f-j. Treatment of 22e with 1H-pyrazole-1-carboxamidine provided the guanidine 22k.
Results and discussion
We have surveyed modifications of the five substituents around the pyranopyridine core structure. Compounds were evaluated in biological assays that measure potency, cytotoxicity against mammalian cells, and in vitro ADME predictors. The potency of the analogs against efflux pumps is measured by the ability of the analogs to decrease the MICs of levofloxacin (LVX) or piperacillin (PIP) against E. coli and was quantified as the MPC4, which is the minimum potentiation concentration of the analog that decreases the MIC of an antibiotic by 4 fold. Cytotoxicity against mammalian cells (HeLa) is expressed as CC 50 , the concentration at which cell viability is decreased by 50%. The data from these assays are presented in Tables 1-3 . To assess in vitro ADME properties of selected compounds, we measured water solubility, inhibition of CYP450 3A4 and microsomal stability. The data are summarized in Table 4 .
Effect of modifications to the nitrile, gem-dimethyl and dimethylenesulfide groups
The effects of modifications to the Z, R 1 , and R 2 groups and to the alkylsulfide portion of the R 4 of MBX2319 (see Scheme 1) on potency (MPC4) are summarized in and the alkylsulfide portion of the R 4 group are involved in important interactions with the target and are critical for maintaining the EPI activity of this scaffold. Specifically, oxidation/hydroxylation of the nitrile or the ethylsulfide groups produced inactive compounds (8-11, 12c and 12d). The optimal length of the alkyl chain that connects the pyranopyridine core to the phenyl group is two carbons, which is evident by comparing MBX2319 to 12a and 12b. Consistent with this finding, we observed that addition of an oxygen atom between the ethyl and the phenyl groups was also disfavored (compound 21k, Table 3 ). Replacement of the gem-dimethyl group with hydrogens resulted in a complete loss of activity, indicating a possibility that this group makes an important hydrophobic interaction with the target. However, it remains to be discovered whether both of the methyl groups are necessary for this interaction, and whether replacing at least one of them with another alkyl group would be advantageous.
Effect of varying the amino group
To explore the role of the morpholinyl group of MBX2319 in potency, cytotoxicity and in vitro ADME properties, we synthesized a series of analogs in which the morpholinyl group was replaced with a diverse panel of amino groups (see Scheme 5) . The biological activities (MPC4 and CC 50 values) of these analogs are summarized in LVX (comparing to MBX2319), the four compounds that had MPC4 612.5 lM all contained the basic piperazinyl or homopiperazinyl groups.
The disparity in activities of these analogs when combined with LVX and PIP can be explained by at least two possible mechanisms. First, it is possible that AcrB is sensitive to 19a-c, 19f, 19g and 19j, but another pump that is insensitive to these compounds is responsible for the intrinsic resistance to LVX. While AcrB is the major efflux pump in E. coli that extrudes LVX, 21 it is possible that expression of other RND pumps that recognizes LVX is induced in response to the AcrB inhibition. For example, the following efflux pumps in E. coli are able to recognize and transport fluoroquinolones: AcrF (RND family), MdfA (major facilitator superfamily(MFS)), YdhE (multidrug and toxic compound extrusion (MATE) family). 22 We are currently working on further elucidating the pump specificity of these EPIs. Second, the transport of LVX and PIP could be differentially affected by analogs that exhibit altered interactions with AcrB. Computer docking experiments predict that PIP and LVX bind to different sites in the deep binding pocket of AcrB. 23 Molecular dynamic simulations indicate that MBX2319 binds to a 'hydrophobic trap' in the deep binding pocket of AcrB, 24 which is where the hydrophobic portion of the EPI D13-9001 17 was shown to bind by X-ray crystallography. 25 Interestingly, the hydrophobic trap is not in the main part of the substrate extrusion channel of AcrB. EPIs that bind to this trap, such as MBX2319, are predicted to competitively inhibit the conformational changes of the pump that are required for activity, preventing the binding and/or transport of substrates. 26, 27 Therefore, differences in the binding interactions of various EPIs to the hydrophobic trap would inhibit the conformational changes of the pump to varying degrees, which could differentially affect the activity of the pump for different antibiotics.
Variations in the morpholinyl group of MBX2319 also affected cytotoxicity against mammalian cells (HeLa). Interestingly, compounds containing the morpholinyl (MBX2319), 2,6-dimethylmorpholinyl (19g), thiomorpholinyl (19f), and homomorpholinyl (19j) groups are not cytotoxic (CC 50 >100 lM). However, seven compounds (19a-e, 19h and 19i) exhibited mild to moderate levels of cytotoxicity. The increased cytotoxicity appeared to be associated with the more basic amino groups. All compounds containing secondary and tertiary amines in the R 5 group exhibited CC 50 <50 lM (19d,e,h,i) with compound 19e being the least basic and least cytotoxic.
The effect of modification/replacement of the phenyl group
To investigate the effects of co-variation of the amino group (R  5 ) and the phenyl group (R 6 on the potentiating capacity and cytotoxicity of the compounds, we varied R 6 while maintaining R 5 as either morpholinyl, 2,6-dimethylmorpholinyl, or 4-(2-methoxyethyl)piperazinyl. The results are summarized in Table 3 . When R 5 is a morpholinyl group and R 6 is a simple cyano group compound 20a was inactive, indicating that a larger group for R 6 is necessary for activity. Compounds are less active than MBX2319 when R 6 is an aromatic heterocycle, such as pyridine (20c, 20d, 21a-c and 22a), indolyl (20m) and benzofuranyl (20n), and more so when R 6 is a cyclic ether such as dioxanyl (21d). Notably, R 6 groups containing an acidic functionality seem to be strongly disfavored (20b, 20p and 20q). It is possible that the permeability of these compounds through the OM was impeded by the negative charge of the OM of E. coli. 26 Neutral and basic substitutions on the phenyl ring are preferred. Indeed, we identified such compounds with improved potency for both LVX and PIP. Thus, the most preferred substituents for EPI activity are as follows: 3,4-dimethoxy (20r and 21g), 4-amino (22e), 4-BocNH (22d), 4-acetamido (22f), 4-acrylamido (22i) and 4-guanidino (22k). The effect of the amido group on the activity is truly profound, suggesting a possibility that this group forms additional hydrogen bonding interaction(s) with the target, which results in a significant increase in binding affinity. Our computational modeling studies support this hypothesis, and will be published in due time. Using a cell-based assay designed to measure the effects of EPIs on the kinetic parameters of AcrAB-TolC in E. coli (k m and V max ), 27 we found that 22f is at least 20-fold more potent against AcrB than is MBX2319 (manuscript in preparation), which is consistent with a higher binding affinity for 22f. However, it appears that there is a limit to the size of the amide, as demonstrated by the stepwise decrease in potency of the following compounds: acetamido % acrylamido (22i) > trifluoroacetamido (22g) > trimethylacetamido (22j). The weaker activity of the methylsulfonamido compound (22h) compared to the acetamido compound (22f) could be due to its increased electron-withdrawing effect, its size, or both. We will explore other NH containing substituents to further optimize the structure. Examination of the data in Table 3 revealed that there is a mutual effect of both R 5 and R 6 on the potentiation activity of the compounds, and the effect is not simply additive. For example, changing R 5 from morpholinyl to 2,6-dimethoxymorpholinyl led to increased potency when R 6 is 3-fluorophenyl (see 20j and 22c), and the corresponding change caused a decrease in activity when R 6 is 3-methoxyphenyl (see 20f and 22b). In terms of cytotoxicity, compounds with acidic or basic groups seem to have lower CC 50 values (see 20p, 20q and 22k). Most of the compounds in Table 3 showed CC 50 >50 lM, indicating good tolerance overall of mammalian cells to the scaffold. None of the compounds in Tables 1-3 exhibit growth inhibition against E. coli at 100 lM, consistent with the characterized profile of MBX2319.
Effects of compounds on bacterial membranes
To rule out the possibility that the new analogs inhibit efflux through an indirect mechanism related to membrane perturbation, we tested compounds 20f, 21f, 21g, 22c-f, 22i and 22k in two assays for membrane activity. To determine whether analogs perturb the transmembrane proton gradient required for AcrAB-TolC activity, 28 we measured the effect of compounds on the LacY per- Table S1 , Supplementary material), indicating that these compounds do not perturb the transmembrane proton gradient. To determine whether MBX2319 analogs affect the integrity of the outer membrane, which could increase the rate of permeation of antibiotics into the periplasm, we measured the influx of nitrocefin in a strain deficient in AcrAB (HN1159). The data, shown in Table S2 (Supplementary material), demonstrate that none of the compounds increased the rate of nitrocefin influx, indicating that they had no effect on outer membrane permeability.
Microsomal stability and CYP inhibition assays for selected compounds
During the SAR study, compounds with good potentiating effects for LVX and PIP were also tested for liver microsome stability, CYP450 3A4 inhibition and aqueous solubility. These parameters were used as indicators of general pharmacokinetic (PK) properties of the compounds. 30 The results of these assays are shown in Table 4 . Immediately apparent is that MBX2319 and analogs containing the morpholinyl group are unstable in both the mouse and human liver microsome (MLM and HLM, respectively) assays (20f, 20r). Replacing the morpholinyl group with the (2-methoxyethyl)piperazinyl group led to compounds with moderate stability, and significantly improved aqueous solubility (21f, 21g). Most significantly, compounds containing the 2,6-dimethylmorpholinyl group were much more stable in liver microsome preparations (22a-k). These data indicate that the morpholinyl group is the major site of oxidation by liver microsomes. In general, there is a correlation between the stability of compounds in the MLM and HLM assays. Notable exceptions are compounds 22f and 22g, which were unstable in the MLM assay but moderately and highly stable in the HLM assay. It is possible that the acylamido groups of 22f and 22g were hydrolyzed by murine amidase(s), as the compounds were consumed even in the absence of NADPH. The variation in stability of compounds having the same R 5 but different R 6 groups suggests that modification of the phenyl ring also contributes positively to microsomal stability. Regarding the CYP450 3A4 inhibition data, it has been suggested that at 3 lM of test compound, inhibition of <15% is low, 15-50% is moderate and >50% is high. 31 Thus, compounds bearing morpholinyl and (2-methoxyethyl)piperazinyl groups exhibited low to moderate levels of CYP inhibition. On the other hand, the inhibitory effects of compounds containing the 2,6-dimethylmorpholinyl group varied greatly, from 0% to 90%. It appears that modification of the phenyl group has a strong influence on CYP450 3A4 inhibition. Interestingly, the amino and amido substituents led to increased inhibition (22e-i) but the carbamate and guanidino substituents led to decreased inhibition (22d, 22k). Thus, we will continue to explore other NH containing substituents to optimize the scaffold. Finally, we do not observe correlations between CYP450 3A4 inhibition, microsomal stability and aqueous solubility. As expected, compounds containing ionizable groups such as piperazinyl, pyridinyl and guanidino are more soluble than the neutral analogs.
Conclusions
We have synthesized and tested 60 new analogs of MBX2319. The scaffold is highly responsive to structural changes, suggesting that the binding of the molecule to the target is specific. A molecular activity map has been generated (Fig. 2) to guide the next phase of lead optimization. The major findings of this study are: (1) the nitrile, the dimethylenesulfide and the gem-dimethyl groups are important for maintaining potency; (2) non-acidic substituents can be added to the phenyl group to improve potency and in vitro PK properties; and (3) changes to the morpholinyl group lead to improved microsomal stability and solubility. As a trend, modification of the phenyl ring has greater effects on potency and CYP450 inhibition; and modification of the morpholinyl group has greater effects to solubility and microsomal stability. The most potent compounds (22d-f, 22i and 22k) identified in this study exhibited submicromolar MPC4 values, demonstrating significant improvement in potency as compared to MBX2319. Many analogs exhibited aqueous solubility near or greater than 100 lM, which is a 10-fold improvement compared to that of MBX2319. Importantly, while MBX2319 was unstable in the standard liver microsomal assays, replacing the morpholinyl group with the 2,6-dimethylmorpholinyl group markedly improved microsomal stability. We will continue to optimize the scaffold and test the lead compounds in vivo, the result of which will be reported in due course.
Experimental

Bacterial strains, growth media, and reagents
The bacterial strains and growth media used in this study have been described previously. 14 
Antibacterial assays
Assays to measure the Minimum Inhibitory Concentration (MIC) of antibacterial agents were performed as described in the CLSI guidelines 33 with modifications described previously.
14 Checkerboard assays were used to measure the minimal concentration of an EPI required to decrease the MIC of an antibiotic by 4-fold (MPC4) as described. 14 
Membrane activity assays
To estimate the effect of EPIs on the proton motive force in E. coli HN1157, the accumulation of [ 3 H]-TMG by the LacY permease was measured essentially as described. 14 The effect of EPIs on the integrity of the outer membrane was measured as described. 14 
Cytotoxicity assay
The cytotoxicity of compounds against a mammalian cell line (HeLa, ATCC CCL-2) was determined as described. 34 
Liver microsome stability assays 35
Compounds were assessed for human or mouse liver microsome stability in an assay mixture (200 lL) containing at final concentration: 25 lM of the test compound, 100 mM potassium phosphate pH 7.4 (Sigma, St. Louis MO), 3 mM MgCl 2 (Sigma, St. Louis MO), 0.5 mg/mL human or mouse liver microsomes (Xenotech, Lenexa, KS), and plus or minus (for the control) 2 mM NADPH (Sigma, St. Louis MO). The mixtures were incubated at 37°C. After one hour, an equal volume of acetonitrile (Med Supply Partners, Atlanta, GA) containing 0.1% trifluoroacetic acid (Sigma, St. Louis MO) was added, the mixture centrifuged, and the supernatant analyzed by HPLC (Agilent 1100 instrument or Gilson 322/215 instrument) equipped with a Grace Ultima C18 column (Grace Davison Discovery Science, Deerfield, IL) using gradients of solvent A (0.1% TFA in water (Med Supply Partners, Atlanta, GA) to Solvent B (0.1% TFA in acetonitrile) for each compound. The reported value was the percent change in peak area of the compound as a result of NADPH dependent consumption (i.e., ratio of plus NADPH/No NADPH control).
CYP450 3A4 inhibition assay
Compounds were assessed for CYP450 3A4 inhibition in an assay mixture (50 lL) containing at final concentration: 3 lM of the test compound, 100 mM potassium phosphate pH 7.4, 3 mM MgCl 2 , 0.5 mg/mL mouse liver microsomes, 12 lM Luciferin IPA substrate (from Promega Corporation, Madison, WI) designed to be a specific substrate for CYP450 3A4, and 2.5 mM NADPH. The mixtures were incubated for 10 min at 37°C followed by addition of a Luciferin (with esterase, Promega Corporation, Madison, WI) detection reagent. Assay readout was luminescence signal after 5 min incubation of the assay mixture in darkness at room temperature comparing to that of the control, in which DMSO (Sigma, St. Louis MO) was used in place of the test compound.
Aqueous solubility determination
Compound solubility was determined using the nephelometric method as previously described. 32 
General chemical methods
All commercially obtained reagents and solvents were used as received. to a Thermo LTQ Fleet MS unit. HPLC purification was performed on a Gilson Unipoint instrument equipped with a C18, 10 micron, 150 Â 22 mm column. Melting points were taken on EZ-Melt automated melting point apparatus (Stanford Research Systems, Inc.) in manual mode, and are uncorrected. Thin-layer chromatography was performed on silica gel GHLF plates from Analtech (Newark, DE), and the chromatograms were visualized under UV light at 254 nm. Benzyl bromide; phenethyl bromide; 3-phenylpropyl bromide; 2-bromoacetophenone; styrene oxide; tetrahydro-4H-pyran-4-one; dimethylamine; diethylamine (2.0 M in methanol); pyrrolidine; 1-methylpiperazine; thiomorpholine; 2,6-dimethylmorpholine; homopiperazine; 1-methylhomopiperazine; 3-bromopropionitrile; 2-methoxyphenethyl bromide; 3-methoxyphenethyl bromide; 4-methoxyphenethyl bromide; 3,4-dimethoxyphenethyl bromide; 2-fluorophenethyl bromide; 3-fluorophenethyl bromide; 4-fluorophenethyl bromide; 3-chlorophenethyl bromide; 3-(2-bromoethyl)indole; 2-(2-bromoethyl)-1,3-dioxane; 3-bromophenethyl bromide; beta-bromophenetole; 1H-pyrazole-1-carboxamidine hydrochloride, malononitrile, and carbon disulfide were purchased from Sigma-Aldrich company (St. Louis, MO). For the preparation of 7, 17 and MBX2319, see Ref. 14.
3-(2-Bromoethyl)benzonitrile
To a solution of 3-(2-hydroxyethyl)benzonitrile (0.50 g, 3.40 mmol) and carbon tetrabromide (1.70 g, 5.13 mmol) in dichloromethane (15 mL) was added triphenylphosphine (1.30 g, 4.96 mmol) in portions (exothermic). The reaction mixture was stirred at room temperature for 2 h. Hexane (50 mL) was added, and the precipitates were removed by filtration. The filtrate was concentrated, and the residue was purified by flash chromatography (80 g SiO 2 ; 0-30% ethyl acetate in hexanes) to provide 3-(2-bromoethyl)benzonitrile as a colorless oil, 0.55 g (77% 
3-(2-Bromoethyl)benzofuran
Following the above procedure, 3-(2-hydroxyethyl)benzofuran (0.50 g, 3.08 mmol) was treated with carbon tetrabromide 
tert-Butyl (4-(2-bromoethyl)phenyl)carbamate
Step 1: To a thick-walled 500 mL glass cylinder were sequentially added 4-nitrophenethyl alcohol (5.75 g, 34.39 mmol), ethanol (70 mL) and 0.3 g of palladium on carbon (10% by weight). The cylinder was placed in a Parr shaker apparatus. The system was purged three times with hydrogen, sealed at 43 psi. After shaking for 1 h, hydrogen was released, and the cylinder purged with nitrogen. The reaction mixture was filtered to remove solid material. The filtrate was concentrated in a rotary evaporator to ca. 10 mL and allowed to cool to 5°C. The colorless crystals that formed were collected by filtration to provide 3.86 g (82%) of 4-aminophenethyl alcohol. R f 0. 22 
(t, 2H).
Step 2: To a solution of 4-aminophenethyl alcohol (1.0 g, 7.29 mmol) in dioxane (10 mL) and 20 mL of NaOH aqueous solution (1 N) at 0°C was added di-tert-butyl dicarbonate (5.0 g, 22.9 mmol) in portions (exothermic). The reaction mixture was allowed to rise to room temperature. After 16 h, water (50 mL) and ether (100 mL) were added. The organic layer was separated, and the aqueous extracted with ether (30 mL). The combined ether solutions were washed with brine, dried over MgSO 4 and concentrated in a rotary evaporator. The residue was purified by flash chromatography (80 g SiO 2 ; 0-70% ethyl acetate in hexanes) to provide tert-butyl (4-(2-hydroxyethyl)phenyl)carbamate, 1.4 g (81%). R f 0.49 (hexanes/ethyl acetate, 1:1); 1 H NMR (CDCl 3 ) d:
.38 (br s, 1H), 3.82 (dd, 2H), 2.81 (t, 2H), 1.51 (s, 9H).
Step 3: To a solution of tert-butyl (4-(2-hydroxyethyl)phenyl)-carbamate (0.55 g, 2.32 mmol) and carbon tetrabromide (0.77 g, 2.32 mmol) in dichloromethane (6 mL) was added triphenylphosphine (0.61 g, 2.32 mmol) in portions (exothermic). The reaction mixture was stirred at room temperature for 16 h and loaded directly on a silica gel column and purified by flash chromatography (80 g SiO 2 ; 0-30% ethyl acetate in hexanes) provided tert-butyl (4-(2-bromoethyl)phenyl)carbamate as white solid, 0.59 g (84%). R f 0.51 (ethyl acetate/hexanes, 1:3); To a solution of MBX2319 (100 mg, 0.24 mmol) in DMSO (5 mL) was added potassium t-butoxide (274 mg, 2.44 mmol) followed by hydroxylamine hydrochloride (170 mg, 2.44 mmol). The mixture was stirred at 100°C for 24 h, and allowed to cool to room temperature. Crushed ice (ca. 20 g) was added. The suspension was filtered to collect the solid. Purification by preparative HPLC (C18, elution: 10% acetonitrile in water to 100% acetonitrile) provided 22 mg (20%) of 8 as waxy solid, and 27 mg (26%) of 9 as white solid. Characterizations of 8: R f 0. 16 To a solution of MBX2319 (41 mg, 0.10 mmol) in dichloromethane (4 mL) was slowly added 3-chloroperbenzoic acid (22 mg, 77% maximum purity, ca. 0.12 mmol). The mixture was stirred for 1 h at room temperature before additional 3-chloroperbenzoic acid (6 mg, ca. 0.03 mmol) was added. After 2 h, a saturated aqueous solution of sodium bicarbonate (1 mL) was added. After 15 min, the organic layer was collected and concentrated. The product was purified by flash chromatography (12 g SiO 2 ;
0-50% ethyl acetate in dichloromethane) to provide 27 mg (63%) of 10 as white solid. Mp 146-147°C; R f 0. 34 6.6. 3,3-Dimethyl-5-cyano-8-morpholino-6-(phenethylsulfonyl)-3,4-dihydro-1H-pyrano [3,4-c] pyridine (11) To a solution of MBX2319 (50 mg, 0.12 mmol) in dichloromethane (4 mL) was added 3-chloroperbenzoic acid (69 mg, 77% max). The mixture was stirred for 1 h at room temperature before a a saturated aqueous solution of sodium bicarbonate (1 mL) was added. After 15 min, the organic layer was collected and concentrated. The product was purified by flashchromatography (12 Step 1: To a solution of tetrahydropyran-4-one (3.0 g, 30.0 mmol) in methanol (3.6 mL) was added carbon disulfide (3.6 mL, 60.0 mmol) and malononitrile (2.0 g, 30.0 mmol) in 4 portions, followed by Et 3 N (1.5 mL, 81.6 mmol) slowly. The reaction mixture was stirred at room temperature for 24 h. The precipitate was filtered, washed with ether (3 ml Â 3) and crystallized from 2-propanol to provide one batch of 14 (0.40 g) as orange solid. The combined filtrates were concentrated and purified by flash chromatography (120 g SiO 2 ; 0-5% methanol in CH 2 Cl 2 ) to provide a second batch of 14 (1.0 g), 30% total yield. Step 3: To a solution of 15 (100 mg, 0.36 mmol) in MeCN/DMF (1.2 mL/0.3 mL) was added cesium carbonate (235 mg, 0.72 mmol) and phenethyl bromide (0.07 mL, 0.54 mmol). The reaction mixture was heated to 40°C and stirred overnight at the same temperature. The mixture was cooled to room temperature, and water (10 mL) was added. Product was extracted with ethyl acetate (2 Â 10 mL), dried over anhydrous Na 2 SO 4 , filtered and concentrated. The yellow residue was purified by flash chromatography (25 
To a solution of 15 (100 mg, 0.36 mmol) in MeCN/DMF (1.2 mL/ 0.3 mL) was added cesium carbonate (235 mg, 0.72 mmol) and 2-(2-bromoethyl)pyridine hydrobromide (144 mg, 0.54 mmol). The mixture was heated to 40°C, stirred overnight, and allowed to cool to room temperature. Water (15 mL) was added, and product extracted with ethyl acetate (2 Â 25 mL), dried over anhydrous Na 2 SO 4 , filtered and concentrated. The residue was purified by flash chromatography (25 ). The reaction mixture was heated at reflux under nitrogen for 16-32 h, until analysis by LCMS showed a complete conversion of 17, and allowed to cool to room temperature. Phenethyl bromide (for 19a-j) or R 6 CH 2 CH 2 Br (for 21a-k and 22a-d) (1.2-2.0 mmol) was added (see Scheme 6 for structures of R 6 ). After 3-16 h (when LCMS analysis showed a complete conversion of the intermediate 18), solvent was evaporated by rotary evaporation. The residue was placed in vacuum for 16 h before being purified by chromatography on silica gel or reversed-phase HPLC. Reaction yields and characterization data of 19a-j, 21a-k and 22a-d are summarized in Table S3 (see the Supporting information).
To a solution of 20a (95 mg, 0.27 mmol) in toluene (3 mL) was added di-n-butyltin oxide (11 mg) and azidotrimethylsilane (60 mg). The mixture was refluxed for 16 h, and allowed to cool to room temperature. The solid was collected by filtration, rinsed with ether and dried in vacuum to provide 85 mg of 20b as white solid (80% MBX 2319 (100 mg, 0.24 mmol) was added to a solution of sulfuric acid and trifluoroacetic acid (1:4, v/v, 1 mL). The mixture was stirred for 5 days at room temperature before being poured onto crushed ice (ca. 10 g). Sodium carbonate was added in portions to neutralize the acid. The product was extracted with ethyl acetate (10 mL Â 2), concentrated and purified by preparative HPLC (C18, elution: 10% acetonitrile in water to 100% acetonitrile) to provide 14 mg of 20q as yellow wax (12% 
